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DESIGN PROCEDURE AND LIMITED TEST RESULTS FOR A HIGH SOLIDITY, 12-INCH
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TRANSONIC IMFELLER WITH AXTAT. DISCHARGE

By Linwood C. Wright and Karl Kovach

SUMMARY

An spproximate inverse lmpeller design procedure based on the
assumption of axisymmetric, nonviscous flow is presented along with some
limited experimentsal data obtained from a hligh solidity, l2-inch tran-
sonic impeller. The design procedure consists of a point-by-point solu-
tion of the impeller flow conditions along a seriles of streamlines in
the radlal-axisl plane. Also, a method is presented for estimating the
blade loading from the moment of momentum considerations when the mean
channel flow is assumed parallel to the mean blade surface and the static
pressure ls assumed to vary linearly across the passage-

The transonic impeller designed for an equivalent tip speed of
1200 feet per second by means of the subject procedure consists of a
0.40 hub-tip ratio, swept-back leading edge, sluminum-bladed rotor.

The design performance wag not obtained experimentally because of a
restriction of the flow in the outlet annulus downstreasm of the impeller
which causes the flow to be gbout 14 percent less than the design value.
The resulting large angles of attack at the blade leading edges caused
vibrations which induced partial structural fallure before alteration of
the outlet passage could be accomplished. After the initial partial
fracture of one of the blades, total fallure was delayed by installation
of damping wires threaded through the blades. Although further running
time could be obtalned by use of demping wires, the life of this config-
uration was too short to Justify extensive alteration of the outlet in
order to alleviate the choking.

Because the flow was choked in the outlet emmulus, at design equiv-
alent tip speed the experimental performance was restricted to a pressure
ratio of 2.164 at an egulvelent welght flow of 26.47 pounds per second
(33.71 1b/sec-sq ft of frontel area) and en impeller adisbatic effi-
ciency of 81 percent.

. The impeller was designed to have a static-pressure drop from inlet
to exit in order to reduce the adverse viscous effects. However, the
losses due to resulting high stator inlet Mech numbers are concluded to
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outwelgh any favorable effects on the boundary layer. Also, the advis-
ebility of approaching equal energy Input along the blade span is
indicated. . .

]

INTRODUCTION

¥1.2

For some time compressor designers were of the opinlon that the
performance of axlal-flow compressors would be limited by a maximum
blade relative Mach number. The belilef existed that after the fashion
of 1sclated subsonic alrfolls, performence deteriorsted rapildly once
the blade relative speeds approached the critical or force-break values
(ref. 1). Experiments indicated that thls belief was reasonsbly accurate
for the conventional airfoill sectlons and rotor configurstions utilized
in subsonic axial-flow compressors.

One-dimensional analysis of supersonic flow configurations indicated
that if the extended bow wave pattern cbserved when subsonic blading was
Placed in a supersonilc stream could be eliminated and the normal shock
confined within the passage, then reasonsble efficiencies and consider-
gbly incressed pressure ratios might be realized. The proposed method
for eliminating the extended wave pattern incorporated the earlier prin-
ciple of the Busemann biplane to contein the wave system wholly within
the blade passage. This requirement led to the necesslity of maintaining
the entrance relative Mach number sufficiently large to allow passage of
all of the flow for the given blade contraction without spillage (refs. 2
and 3).

Early supersonic compressors were designed with the idea of metlicu-
lously avoiding blade relative hub Mach numbers below those which would
permit shock entrance at design speed along the entire blaede span. This
restriction placed & limit on the minimum hub-tip radius ratio for a
given inlet velocity and rotational speed and hence limited the maximum
weight flow. This minimum Mach number restriction led to the use of
relatively high tip speeds (usually asbout 1500 or 1600 ft/sec) and the
attendant severe structural problem. Moreover, attentlon was focused
away from the intermediete tip speed range (1100 to 1400 ft/sec) where
reasonable radius ratios and resuliing large weight flows were struc-
turally feaesible. This speed range was avolded because the resultant
relative Mach numbers fell in the transonlc speed range where the extended
wave pattern could be nelther eliminated nor analyzed.

Experimental results of several supersonic compressors, however,
indicated that thelr performance in the speed renge described as tran-
sonic (1100 to 1400 ft/sec) was in general better than the design speed
performance (see refs. 4 and 5). The discontinuous variation in flow .
conditions with speed which might have been expected (at the speed of
shock entry) was not observed. There was evidence that large losses



L]

YIL2

NACA RM E53B09 T 3

were not inherent in working with transonic flows. In the gbsence of
viscous wall effects this might have been readily predicted inasmuch as
the shock losses are inherently small.

The above observatlions led to consideration of the transonic com-
pressor configuration which is characterized by subsonlc blade inlet
relative veloclties at the hub and supersonic blade lnlet relative veloc-
ities at the tip at rated speed. The configuration is such that arbi-
trarily low hub-tip redlus ratlos may be utilized with greatly increased
weight flow per unit frontal area. The theoretlcal pressure ratlo per
stage generally can exceed considerebly that of a subsonic stage while
Palling somewhat below that of a supersonic stage. The efficiency will
theoretically exceed that of a supersonic stage but probably cannot equal
that of a subsonic stage of optimum design. The generally reduced tip
speed allows the use of increased blade span for a given stress level.

Thus, an anslytical and experimentel investigation of the compres-
sor type termed transonic was undertaken for the purpose of developing
an eppropriate design procedure, designing, testing, and anslyzing the
performsnce of a high solidity transonic impeller. This impeller differs
from the axial-flow transonic impeller of reference 6 primerily in that
the current impeller utilizes & lower hub-tip ratlo, more turning, &
considerably higher solidity, and a decressing mean statlic pressure
through the impeller. The accelerating mean flow was Intended to pre-
vent large boundery layer growths end eliminate the necessity for large
boundary layer allowances to prevent choking. A necessary consequence,
however, is the undesirably high Mach nurber level of the impeller
absolute leaving flow.

This report presents the transonic impeller design procedure and
limited test results. The experimental results are incomplete because
of inability of the test rig to pass the design welght flow and are
insufficient to warrant strong conclusions regarding the questionsble
advantages of an sccelerating mean flow through the rotor. The occur-
rence of structural fallure did not allow sufficient time to make the
changes in the exlit flow passage which would have been required to
permit passage of the design flow.

DESIGN PROCEDURE

The first objective of the program was the development of a design
procedure. Complete freedom in the aerodynamic specifications would be
highly desirable; however, for the desired configuration of relatively
high wheel speed and long blade helght, structural comnsiderations will
necessarily restrict the aerodynamic freedom.
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In order to control centrifugal stresses, specification of the
radlal distribution of blade thickness should be allowed. In addition,
radial blade elemente wlll be desirable to eliminate excessive bending
stresses. The only remaining freedom that is available to satisfy aero-
dynemic specificatlions is then the blade mean line angle and thickness
distribution along & single streamline or specified contour in the
redlal-axisl plane. The design procedure under these conditions reduces
to two parts: (1) The selection of the blade shape and thickness dis-
tribution along a given streamline, and (2) the determination of the
rotor hub and tip annular boundaries that permits the required welght
flow to pass through the impeller compatible with the desgired conditions
exigting on the specified streamline. The remaining portion of the
blade other than the specified section will be fixed by the condition
of radial bhlade elements and & speclfied radial taper.

¥1L2

The procedure herein described 1s usually designated as the inverse
procedure in compressor design practice. That is, the tip speed and
performance are speclfied and the necessary lmpeller geometry is deter-
mined.

Simplifying Assumptions and Discussion

The following are the slmplifylng assumptions: -

1. The flow processes throughout the impeller are considered isen-
tropic (a displscement thickness allowance for boundary layer growth may .
be made, however).

2. The flow 1ls assumed axlially symmetric and the mean flow path is
agsumed parallel to the blade mean lines.

3. The continuous flow variatlions in the lmpeller are presumed to
be adequately represented by incremental changes along the redius =
and the axis z. (Bee 1list of symbole in the appendix.)

That the entire flow wlll not be lsentropic is apparent. If, how-
ever, the pressure gradients can be maintained below the limit which will
cause separation and boundary layer displacement thickness allowances are
mede thereby preventing choking and dlstorting of locel stream tubes, the
free-stream flow paths should not differ essentially from those isen-
tropically coamputed. In the absence of large adverse pressure gradients
the methods of reference 7 might be conveniently utilized to calculaste
the spproximate boundary layer growth along any surface where the free-
stream conditions are known.

The commonly used assumption of axial symmetry is strictly true
only for an infinite number of zero thickness blades. This condition is
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believed to be reasonsbly approximated for high solldity thin blades such
as those of the present investigation (see ref. 8). Care should be
exerclsed, however, and possibly special allowances made in the continu-
ity equation when the blade mean relative Mach number approaches l.

Under these condltions the use of a sonlic meean velocity in the continu-
ity equation will overestimate the flow capacity of a passage with mean
velocity in the transonic reange.

Derivation of Equations

Nomenclature and coordinate system. - Throughout the current pro-
cedure cylindrical coordinates were used with the nomenclature illus-
trated in the following sketch. The relations between the various veloc-
ity components were developed as follows:

+Z
+0 -
I+:|.~ v Ve
Vrz 28
= v
Ve 1 /B
7 /Rota.tion
cos B' = V,/Vl, (1)
sin ¢ = V,/V! (2)
ten @ = V[V, (3)
(V)2 = (V)2 + (V)2 (4)
From equations (1) and (4),
2
w2 _ [ Ve 2
(12 = (caZsr) + % (s)
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From expressions (5) and (3),

2
2 V' cos B!
v,2 = ( 25)2 (6)
1l + tan” @ cos™ B!

Determination of blede mean camber line. - Utilization of an ana-
lytlical expression for the blade mean surface in three dimensions is
convenient in the computatlons of the impeller flow. The following
development with the aid of the sketch below relates the radius, axial
position, and the angles B' aend € as required for radial blade
elements:

Az —>»0

Rotation

All linesr dimenslons may now be made dimensionless by dividing by
the tip redius r4. Then da6/d(z/ry) may be equated to a polynomisl in
z/ry, such as in the following expression:

2
ae z Z tan '
= — —_— = 7
diz?rti & rt + b Qrt) Te /T4 (7)

In order to determine the coefficlents a, b, and ¢, three condi-
tions must be specified. The following three conditioms are proposed

for convenilence:

bI1LF
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1. At z/ry =0, C = tan B*/r/ry where B' may be found as
B'= tan-t wr/Vz,t for no guide venes. The value of V,, which is the

axial veloclty component at the tip, 1s known from the inlet computations.

2. At (z/ry),, B' may be specified at a particular radius, for
example, Bé = 0.

3. The third condition may be selected so as to distribute the
blade loading relatively uniformly over the blade surface. In the pre-
sent design, a fixed angle corresponding to a predetermined degree of
turning was specified for zfry = 0.30. In this menner, the peak load-
ing was placed neaxr the leading edge for the blade defined by the coef-
ficlents specified.

Blade thickness distribution. - A blade thickness distributlion is
specified along an Initial streamline. For structural reasons a blade
radial thickness taper with the maximum thickness at the hub is desir-
able. With the mean surface equation known, if a psrticular radial
taper is set, the specification of the thickness distribution along one
streamline fixes the entire blade geometry except for the unspecified
radial boundaries.

Determination of pressure distrlbution around a blade element. -
In order to evaluate the aerodynamic desirability of any given blade
shape as determined by & mean line and a thickness distribution cbitained
from the preceding procedure, an estimate of the static-pressure or
blade loading distribution is required. An approximate method for
determining the static-pressure distribution follows. This procedure
is a variation of that used in reference 9 utilizing moment of momen-
tum principles. Though basically identical, the methods differ in two
particulars. The current procedure involves the determination of
blade surface veloclties for a predetermined blade shape and the
assumption of & linear variation of pressure between blade driving-
and trailing-face surfaces. In reference 9 the blade loading diegrams
were selected as desired and the blade shape was evolved from moment
of momentum considerations; the veloclty variations between blades were
assumed linear.

The static-pressure difference across a blade passage in the tan-
gantial direction may be epproximated by equating the rotor torque to
the rate of change of angular momentum of the fiuid. Then for con-
stant radius, -

torque = Mass - r - AVg

where AVg 1is the change in the absolute tangential velocity over the
surface interval along the streamline for which the torque is computed.
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Now

8
o 21\’.1‘1

N

Apg XrX h xdz = hip;V; cos By cos @ AVgXr (8)

Sp-1
where AVg 1s the change in Vg between stations n-1 and n in the
radial-axial plane and this Increment is selected sufficlently small
that r may be considered comnstant, and Opg 18 the net pressure act-

ing in the tangential direction on the blade surface of height h
between the stations =n-1 and n.

In order to compute Apg at any point 3z, the expression (8) may
be written in the finite dlifference form below assuming a linear varia-

tion in the quantities for small differences A% The linear dimen-

sions are made dimensionless through division by the tip radius ry and
wr I1s in feet per second.

n

2n 1 FERE A © !
_ W\rg/C08 Py’ PiVy" o8 oy - —
Kr)(vzesma'-m)n-
n

APQ = QE)QE)A z n +
01 Ty hl Ty 0ol -
&) | T b -, (9)

This expression may be used within the accuracy of the current
assumptions by utilizing the radial average of the upper and lower stream
surface conditions along the mean radial position of the incremental
annular segment. As a consequence of the assumption of axial symmetry,
stream conditions are further averaged between the blade driving- and
tralling-~face values. 1In the gbove expression a single bar refers to the
average or mean value between the sppropriate boundaries, radial or tan-
gential, and a double bar refers to conditlons averaged in both
directions.

The problem of obtaining the exact loading from the pressure §if-
ference Apg has not yet been adequately solved. There are several
assumptions, however, by which solutions may be obtained. For the cur-
rent design a linear variation of pressure from blade driving to trailing
face 1s assumed. The followlng expresslons result for surface pressures:

Pap = P + Lpg/2

YILZ
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Pyp = P - ORg/2

The blade driving- and tralling-face relative velocities may be
readily obtained from the preceding surface static pressures in a manner

which will be described later.

Determination of radlal pressure gradient. - Within the assumption
of axially symmetric, nonviscous flow the radial forces acting on the
fluld particles passing through an ilmpeller of the type where radial
veloclity components are relatively small may be approximated as shown

belov.

In references 10 and 11 (pp. 990-997) the radial component of
Lorenz's equation of motion is given as

2
F =-]-_ap+d2r-(cm +Ve')
r 8] E d_.bZ r
or 2 2
13p fler +Vh)" 48
However, for radial blades F, = O and 5 3= = - e

3%y . a(v,) _ d(Vy, sin o)
a2 at at

From the preceding sketch, which shows the projection of a stream-
\'2 dat v
Iz or ¥ TZ, In sddition,

line in the radial-axial plane, dp= R at  Re

Vg = %% or dt = %’ where 's! is the distance along a streamline

projection in the radisl-axial plane.
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Now
2
+ V') av
1 % (ar 8 do rz) -
5 = = - erz cos @ ¢ + sin ¢ It
or
2 2
1 dp (wr + Vg') Vyg Vopy
E&-= T - R, cos @ - Vi 3= sin @
Making all lengths dimensionless gives
2 2
v, V' av.
1 Jp (ar + 6 rz rz
-5 S _E'_) = T - Re cos & - Vrzdt—(-_s—'i_ sin o (10)
T, T4 Ty T

The expression for radlus of curveture of a smooth curve 1s used to
evaluate Rg, the streamline radius of curvature in the radlal-axiasl

plane.
ar Z13/2
e = l:l + (—igg:] (1) .

dz2

In order to utilize equations (10) and (11) for cobtaining the radial
pressure gradients, reference is made to the third assumption that con-
tinuous variations are assumed to be adequately approximated by small
finite ineremental changes. Thus dr/dz = tan @ and

2 2 tan @, - tan @, 7

d r/d.z ~ =~ y where subscripts n-l1 and n are succes-
sive pointe along the streamline ¢ = constant. R, will have the sign
dzr/d.zz and will become the dimensionless term Ry/rt when Az is

mede dimensionless through divislon by rf 1n the expression dzr/d.zz.
Again considering the change along 1V = constant from n-1 to n,

A"irz:'z (vrz) n "~ (vrz) n-1

dvrz -~ -
d(;s_) £) (&) - (&
t Ty Tt/ n Tt/n-1

where s/ry is the dimensionless distance along the streem surface “

proJjection in the radisl-axial plane.

FLLZ
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Computation of radial boundary from continuity. - The continuity
relation to be satisfied everywhere between the stream surfaces is

- 21(1‘1 = - 21
Wy = p7V; cos @p X —x b1 = pV' cos @ cos B’ QN - cosTB') h

from which
Ty
2K ——
— Ty
N p1Vy co8 Py —x
= (22)
1 2 X T
= I‘t r.b
pV cos @' cos B! ~N " Gos pv

where subscript (1) refers to the rotor inlet and the double bar indi-
cates the mean tangential and radial positions. The linear dimensions
are made dimensionless on division by radius ry. Other terms.are
defined in the 1list of symbols. The angles are approximated as follows:

x - (E_)
1| Vt/np1 W

®.. @]
-1 (-::)nﬂ. ] (%)n
SEEE)

A convenient form of the energy equation as developed in reference (12)
is glven and may be used for computations of the stream density:

1
— 2 — YTl-
P ¢xr-1 Op _ v
PT,0 2 K%,o) (%,0)1+ l} (13)

where CT,O is the stagnation velocity of sound in front of the
Impeller.

CP='baIL-

' = tan cos B!

n+1l

Determination of velocitles from energy relations. - In order to
obtain the mean velocity distributlion on & new streamline from the known
velocities on an adjacent streamline and the known Ap, distribution

COEE—
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between the streesmlines, the energy equation and the adlabatic relation
may be utilized. The energy equation is gilven in a convenient form for
no prewhirl.

(o )2

T )2 i
[ ; tm+;l [+ * CPt:E] ) "

or
('—\'r"m-l-l)z = (arp, ) - (cnrm)z +2C (ty - typg) + (‘v‘.m)z

where the subscripts m and mt+l refer to the adjacent streamlines
¥ =m and ¥ = mt+l. The double bar indlcates the mean radial position
and the mean tangentiel position between the driving and trelling faces.

I ty - tpe = (&8) p,
)2

= 2 2 2 =
(Vi) = (argq)” - (axy’) + ZCP(At)r + (V' (14)

For the case where the computations proceed inward towerd the axls,
(At) = typper mean line - Plower mean line+ If the flow is considered
isentropic the temperature at m+l may be found from (Ap)r using the
adiabatic expression

Pmer_l Pm-APrL‘r:l
wa (R () x
-
y-I
st =t 1= (3 - ) oo

The right side of this equation msy be replaced by the first three terms
of a binomial series expansion with essentlally no error.

General computational procedure. - After a satlsfactory blade mean
line and thickness distribution have been established, the hub and tip
contours required to paess the desired weilght flow and satlisfy the con-
ditions prescribed along the Initlally specified streamline must be
cbtained. The proposed procedure may be consldered as a stream filament
method applied through the inlet section and the impellier. The flow at
the entrance to the inlet sectlion is first divided into several segments

O

¥ILZ
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of radiael height hg. With the specified streamline as one boundary,

the variation Iin h for the adjacent stream tube through the -entrance
section and rotor (along z) necessary to satisfy continuity is obtained
from equation (12). The radial gradient in pressure and the velocity on
the subsequent streamline ere next computed from the flow on the specl-
fled streamline with the aid of equations (10) and (14). The pressures
along the adjacent streamline are estimsted by extrapolating the pressure
gradients over the distances h obtained from continuity. A more accu-
rate estimate of the mean annular conditions may now be cobtained from
the values on the upper and lower boundsries. These mean conditions may
now be used to obtain the final orientation of and the conditions along
the second streamline. This process mey be continued progressing fram
the specified streamline in either or both radial directions until the
desired mass flow is contailned.

The blade loading may be estimated from expression (9) derived from
moment of momentum considerstions.

Application of Equations to Compressor Design

The expressions previously derived or presented mey be utilized in
the detailed computation of the inlet and impeller configuration in the
following manner.

Entrance sectlion. -~ The entrance conditions may be computed by means
of the same relations utilized in the rotor. The rotor equations reduced
to the absolute reference frame for use in the inlet are as follows:

From continuity

where 1

¥ -1
p_[p'r,o (Po y-l ﬁ)]
Po \Pz,0 T 2

Upon elimination of blade considerations The radlal pressure gra-
dient becomes
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“

2
1 dp sz coB @ Ve,

PyENT T T R " Vrz7E ¢ ]
Tt Iy, Tt

The energy equation ylelds Mech number and hence velocity directly
in the following form:
-1 1/2

P \NT
we 42 (.9) .

4I(?

Y-l|\Pp

In & manner ldentical to that described under the general procedure,
the veloclties may be specified on a single streamline in the entrance
region starting from some position upstream of the impeller and ending
at the i1mpeller blade leading edge. By computing the streamlines radl-
ally away Trom the one specified, as was described for the impelier,
the Inner and outer walls upstream of the impeller may be computed.

Matching of entrance and blade leading-edge condlitions. - If the
rotor bledes are restricted to radial elements, as is done in equa-
tion (7), the blade angle will match the inlet flow angle at a constant
axial position (z = 0) at all radii only for the case of a constant
entrance velocity with no prewhirl.

If an inflow velocity other than constant is desired at the leading
edge of a blade with radial elements, & swept leading edge is requlred )
to match the inflow and blade angles at all radli. The following semi-
graphical procedure may be utlilized in obtaining the blade leading-edge

contour:

In the reglon near the leading edge, the relative flow angle,
obtalned from the rotational veloclty and the velocity determined from
the solution of the inlet flow along the streamline, is computed for
several stations along z. From the values of r/ry obtained for the
streamline in the inlet section, the corresponding blade angle is com-
puted, using the prescribed equation for the blade mean surface. The
z-position at which the relative inflow angle matches the blade angle
establishes the blade leading edge for zero incldence angle.

Blade leading-edge thickness. - The leadling-edge thickness may be
speclified arbltrarily or from structural requirements. Usually, in
order to minimize the leading-edge disturbance, the smallest practical
leading-edge angle and thlckness are utilized. The leading-edge angle
z .

-1
mey, in general, be defined as 2 tan 257;; where T 1s the blade
thickness on the subject streamline and is located A(z/ry) behind the .
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blade leading edge. At this point T may be determined from the radisl
thickness teper and the blade thickness at the corresponding z-position
on the previous streamline.

When this procedure is applied to compressors having subsonic or
transonlic relative inlet velocities some deviation from smooth inlet
flow is probably unavoldable, with the magnitude of the disturbance a
Punction of the perturbations caused by the blades. For supersonic
blades, however, the disturbances may, 1f desired, be contained within
the blades by suitable selection of the number of blades and their

thickness.
COMPUTATIONAL EXAMPLE AND DESIGN RESULTS
In order to illustrate the order of the computational procedure,
the following abbreviated example of the process followed in the design
of the subject impeller is presented along with the design results.
The followlng constants were initially specified:
Dy = 12.00 in.
Uy = 1200 ft/sec
B's = O for all radii
Dg/D¢ = 0.40 at the inlet
Axial depth = 6.00 in. at the hub
My = 0.97 at the inlet
Blade mean line specification. -~ A cylindrical outer shroud was
selected and the initial streemline was specified on this surface. The
blade mean surface, which under the assumption of axlial symmetry is
ldentical with the mean relative stream surface, 1s obtalned from equa-

tion (8) where the constant coefficients are fixed by the following
conditions on the tip streamline.

1. B! = tan™" ary/V,

2. B; =0

3. ' (z/ry = 0.30) = 35°

The blade mean surface is thus represented by the equation

2.35¢ (z/ry)? - £.060 z/ry + 1.706 = tan B'/r/ry
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Specification of blade thickness. - The blade thickness distribu~
tion about the tip mean line previously defined was arbitrarily fixed at
the minimum vealues believed to be structurelly sound. The blade thick-
ness meagured normal to the blade mean line is given in figure 1.

The thickness taper was defined by a blade included angle of 1°
between the driving and trailing fece blade elements in the plane normal
to the blade mean line at that point. The blade thickness at any radius
is then cobtained from the corresponding blade tip thicknesa as

T/re = (T/re)t + [(r/rt)t - (r/rt)] 0.01714

No allowance for boundary layer was made 1ln these calculations.
Howevexr, a displacement thlckness allowance may be convenlently applied
to either the thickness distribution or the computed value of h 1if
desired.

Computation of radial boundarles. - Equations (11) and (12) were
utilized to compute the annular segmental boundaries progressively from
the tip eylindrical boundary to the hub contour. The resulting hub
contour gave a hub radius retio change from 0.40 at the inlet to 0.819
at the exit. Equations (13), (14), (15), and (16) were used to obtain
the radisl pressure gradients and veloclty as these guantities are
necessary to the boundary computations.

Determination of bhlade sweepback. - In the process of computing
the radilel boundaries, the locatlon of the impeller blade leadlng edge
is accomplished in the manner previously described by matching the blade
mean surface to the inlet relative flow direction. The total blade
leading-edge sweepback of the subject lmpeller 1s found to be

(z/rg)y - (z/rg)g = 0.197

Computation of blade loading characteristics. - The radlal average
of the blade losding in an annular segment of height h may be esti-
mated from a solution of equation (10). The tip loading in terms of the
driving and trailing face velocities is plotted in Ffigure 2.

Design performence. - The deslgn resulted in the following theo-
retical performance: .

Over-all pressure ratio of impeller less normsl shock losses = 2.41.

Maximum design speed weight flow = 30.8 1b/sec (39.2 1b/sec-sq £t of
frontal area).

Over-all adisbetic efficiency considering only normel shock losses =
0.852. .

¥1L2
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The tip inlet velocity dlagrem 1s shown In figure 3, whille fig-
ure 2 gives the comparsable loading dlagram and mean velocity distribu-
tion. The restriction to & small rise in mean velocity through the
impeller was intended to reduce the amount of deceleratlon on the blade
trailing face at the critical trailing-edge portion. In spite of this
unorthodox mean pressure decrease through the impeller, the trailing-
face velocity (fig. 2) still undergoes a substantial deceleration as the
Plow approaches the treiling edge. The effects of this deceleration on
wake thickness and separation tendencies are not known.

Actually only the loading trends can be cbtained from the moment of
momentum; thus, it does not appesr likely that the blade would unload
before the trailing edge as indicated in figure 2. This phenomenon
results from an inflection point in the blade mean line to which the
relative rotor flow 1s assumed parallel.

EXPERTMENTAI. APPARATUS AND TEST PROCEDURE

The transonic impeller which was machined from a solid 14S-T alu-
minum forging is pilctured in figure 4. It was tested in the 3000 horse-
power rig shown schematically in figure 5. The plping provided for
refrigerated or atmospheric inlet ailr as well as esltitude exhaust. A
calibrated submerged adjustsble orifice was used to measure the weight
Tflow. Most of the tests were run at 15 inches of mercury absolute inlet
pressure. No differentiation is made between these tests and those few
made with atmospheric inlet pressure, since no distinet differences could
be observed in the reduced data.

The instrumentation consisted of temperature and pressure probes
(Pig. 5) plus static-pressure orifices located along the outer casing
before, over, and after the impeller. Static-pressure orifices were
also located along the inner wall (hub) before and after the impeller.
Five calibrated double stagnation thermocouple probes were located
6 inches downstream of the impeller trelling edge. The annulus area was
divided into five equal amnular rings and a probe located in the center
of each ring. 8Six spike-type thermocouples, six total-pressure, and two
static-pressure probes were located in the inlet depression tank where
the total area was such that the static and total pressures were

essentially equal.

A probe actuator was located downstream of the lmpeller as 1ndi-
cated in figure 5 so that either a combination come probe (static and
total pressure plus yaw) or a claw tobtal-pressure probe could be used
approximately 1 inch behind the impeller blade trailing edge.
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Both probes were calibrated for angle in a subsonic and supersonic
stream. The cone probe was calibrated for angle and static pressure.
For Mach numbers above approximately 1.05, a close agreement wasg noted .
between the computed surface statlc pressure and that messured on the
surface of the cone. When the claw total probe was used, the stream
statlc pressure was obtalned by interpolation between the inner and
outer wall orifice measurements. Ten survey points were usually taken
across the approximstely Z2 lnch impeller exit annulus.

Hille

Accuracy of data. - Observed measurements are estimated to be
accurate within the following limits:

Temperature, e o 2N -
Pregssure, in. Hg . « ¢« « ¢ ¢« ¢ ¢ ¢« 4« ¢ ¢ o & o o o« + & & « + « « .05
Alr weight flow, Percent . .+ « « & ¢ ¢« ¢ ¢ ¢« ¢ & o & o« « o « o« « F.0
Impeller speed, percent « « « ¢ o « &+ « ¢ o o o o a2 o o« o « o« o« « £0.5

On the basls of these tolerances, the maximum errors in the pexr-
formance fligures are approximstely

Pressure ratio (at lowest value) . . .. . .« « . 0.008
Adisbatic efficiency (percent at lowest temperature rise) « s . 2.5
No tolerances are gilven for the angular measurements inasmuch as -

they have small effect on the total-pressure ratio and adlsbatic effi-
cilency and moreover are difficult to estimate with any degree of assur-
ance ln the impeller wakes. -

In the table of performance data (table I) two adiabatic efficiency
points. at a tip speed of 500 feet per second have velues equal to or o
slightly exceeding 1.00 (1.00 and 1.03). The combination of temperature
and pressure errors giving the maximum adliabatlc efficiency error would
reduce the recorded efficlency only 2.5 percent. There is one other
source of error, however, which 1ls not exactly a function of the accuracy
of measurements. During the testing period the necessity of holding con-
ditions constant for a considerseble period was found necessery in order
to obtaln stable temperature readings. This phenomenon has been commonly
noted where there is high heat capaclty. Hence the theory is advanced
that those efficiency points exceeding 1.00 have an additliona]. small
error because of insufficlent time allowance for the measured temperature
to reach its maximum value for the fixed conditions.

Within the limitations specified, the data provided by this instru-
mentation were reduced to the performsnce data presented.
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EXPERIMENTAT, RESULTS AND DISCUSSION
Over-all Performance

Presentation of the 1Z2-inch transonic mixed-flow impeller perform-
ance characteristics is complicated by a date deficit resulting from
inability to obtain the high weight fiow side of the performance map.
Because of these conditlons care was exercised 1n an attempt to eliml-
nate erroneous conclusions which might result from the Inadequate data.
The measured over-all performance is given in table I and in figure 6 which
shows adiebatic efficiency contours superimposed on a plot of impeller
pressure ratlo against equivalent weight flow for 500, 700, 800, 1000,
1100, and 1200 feet per second equivalent tip speeds. It is apparent
thet only the low weight flow portion of the curve is shown in figure 6.
The shape of the curves indicates that the peak impeller pressure ratlo
was not attained. That part of the performence map determined at all
speeds above 800 feet per second was considerably below design expecta-
tlons. There are several indicatlons, whilch will be discussed later,
that choking in the annulus after the impeller 1s responsible for the
fellure to obtain the weight flow corresponding to peak pressure ratio.

Observation of the pressure ratic weight flow curves (fig. 6) shows
thet only the lowest tip speed (500 f£t/sec) indicates pressure retio and
efficiency peaks at less than the maximm measured flow; all other curves
display continually rising pressure ratio and efficiency with weight flow
up to & meximum. Moreover, there is & relatively small increase in weight
flow with speed which 1s reflected in the large increase in minimum angle
of incidence with speed shown 1n figure 7. It might be expected that,
for minimum back pressure on the rotor, the axial inlet velocity (hence,
weight £low) would increase with speed to an extent at least sufficlent
to malintain nearly constant impeller blade incidence angle. This char-
acteristic, which should be exhibited even by a choked impeller, is not
apparent. Instead, the incidence angle (fig. 7) increases with speed.
This conditlion is cleaxly not characteristic of an unrestricted flow
path.

Impeller Flow Limits

Impeller inlet flow. - Utlilizling the current design procedure, the
resulting transonic impeller blede leading edges were swept behind the
hypothetical Mach cone based on the theoretical relstive inlet Mach num-
ber. The structurael and serodynamic effects of this configuration were
consldered desirable. Although the 1nability of such a leading edge to
support an attached shock is well known, the significance of its effect
on impeller flow inducement 1ls not yet fully recognized. Deviation from
the conventional theoretical supersonic compressor inlet phenomensa
(ref. 3) appears more & difference of degree than character, since the

Sampmm_—
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existence of subsonic axial-flow veloclties before any type impeller
precludes the exclusive existence on the blade trailing face of either
compressions or expansions without subsequent waves of the opposite sign.
In any case, however, the blade trailing-surface contour is probably
8till a contributing factor in the determination of the inflow velocity.
One cheracteristic difference between the swept end unswept blade lies
in the ability of the hub inlet flow to effect the rotor Inlet flow at
largexr radii. No comprehensive experimental evaluation of the swept
blade effects can be gathered from the current work because of the
aforementioned flow restriction, which prevented the attainment of
design inlet conditions.

.

¥1L2

Flow limlts. - A reasonably regular curve could be drawn through
the maximum welght flow points of figure 6. The minimum measured weight
flow points, however, 4o not allow & regular curve at all. The reason
for this must be found in the inabllity to locate & surge point at any
speed. Moreover, continual cognizance of the threat of structural
fallure along wilith cobservation of the vibratlions with increased back
pressure prevented more elaborate exploration in the low weight flow
regions. Only for the run st 1100 feet per second, where there was
unusually smooth operation, 1s there any indication of a flow limit.

The statlic-pressure dlistribution along the outer casing is shown in fig-
ure 8 for maximum and minimum welght flow points at tip speeds of 500,
1100, and 1200 feet per second. For the upper curve zt 1100 feet per
second whilch corresponds to a much lower flow than the minimum 1200 feet
per second flow point, the ratloc of the local static pressure to the .
inlet total pressure may be seen to be of the order of unity at the

impeller tip leading edge indicating a generally stagnant region,

although there was no iIndication of audible surge. The type of stall,

whether rotating or statlionaery, and its radial extent were not known.

Because 1t was observed that any back pressure change which changed the

outlet conditions is immedistely felt upstream even near maximum flow,

the lmpeller itself is clearly unchoked.

The original test program for the transonic mixed-flow lmpeller was
to include & complete stator investigation followlng the impeller tests.
These plans were altered when design impeller performence could not be
obtained. It was thought, however, that perhsps the installation of
stators would maeke possible an lmprovement in impeller performance by
turning the outlet flow in a direction which would ilncrease the effec-
tive flow aree, thereby helping to remove the choked region in the exit
anmulus. Thus stators were designed and bullt for & combination of the
theoretical and experimental rotor exit flow conditlions. As indicated
by the talled symbols in figure 6, only scant reduction in the flow
restriction was noted. This amount of improvement was felt to be dis- .
tinct but insufficlent to Justify a detalled stator program; hence no
further reference will be made to the stators, which basically had the
effect of a small reduction in back pressure on the impeller. -
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Comparison of design and experimental performance. - The inasbility
to obtain design welght flow makes it lmpossible to determine conclu-
sively whether the design procedure accurstely predilcts the experimental
flow. No detalled anslysis was made by which the exact angle of inci-
dence could be determined. The design camputations were made for con-
ditions which would be compatible with essenbtially zero angle of inci-
dence at design flow.

For the current design the mean static-pressure distributlon aslong
a streamline V¥ = constant varied from nearly constant at the tip to a
rapidly falling static pressure along the hub boundary. Thus the energy
addition at deslgn speed would be added alli in the form of kinetic energy
if design flow was realized. This condition, which should lead to effi-
clent rotor flow, may lead to severe stator starting problems because of
the high Mach number and consequently high shock loss level (see, e.g.,
ref. 13). Moreover, when these starting difficulties exist, even the
advantage of a favoraeble mean gradient in the impeller is questlonsble.
Therefore, lnasmuch as the axial-flow transonic work of reference 6 has
indicated that & moderste static-pressure increase still gives very high
efficiencies in the transonic speed range, the use of an increasing mean
statlc pressure everywhere through the Impeller would provide better
over-all performance.

Reference to the incidence angles (t&ble I) indicates that the
measured values do not approach the design values {approximately zero)
as the design speed is approached. Instead, the angles increase, indi-
cating that the flow restriction becomes more severe wilith ilncreasing
speed, possibly because of the increasing boundary layer growth and
losses through the impeller which allowed scant increase in weight flow
for the increese in rotor output.

Teble I also indicates that Mi,H ie equal to or greater than
Mi,t at each minimum weight flow polnt except that for e tip speed of

1200 feet per second, where data were obtained for only a small weight
flow range. While 1t does not appear feasible to detail the procedure
by which the rotor flow breaks down, the deterioration of the tip flow
clearly precedes that of the hub, a phenomenon assoclated more closely
with the stall or surge region than design operstion, however.

As shown in figure 9, the varietion in both the theoretical and
experimental total-pressure ratlos over the outlet annulus is large.
This variatlon is probably detrimental from both the viewpolint of dif-
ficulty of staglng and efflciency of stator diffuslion since the radial
energy gradient would probably lead to excesslve mixing in the diffusing
process after the dynamic balance 1s relaxed. For this particular
impeller, which was designed to investigate other aspects of impeller
performance, the radial variation in totel pressure was not considered
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important. However, the required alteration to the design procedure
could be made to malntain constant theoretical work input along the
radius, particularly 1f the restrictlon to radial blade elements is eli-
minated or relaxed. The total-pressure ratio or work output variation
would then be a function of the efficlency veriation along the blade
span.

Blade Structurel Fallure

During a routine inspection after approximately 35 hours and 15 min-

utes running time, one of the Impeller blades was found to have a 1% inch
crack beginning at the leading edge and running Jjust above and nearly
parallel to the hub. The crack closely checked a nodal point located as
shown by the inner sand pattern (fig. 4) during a preliminsry check of
the statlc vibrational characteristics of the impeller. The frequency

of this mode of static vibration was observed to be between 1180 and

1210 cycles per second. A small amount of undercut had previously been
noted at the hub of each blade. This defect, coupled with the existence
of several relatively easlly excited vibrational modes, indicated the
possibllity of this type fallure.

The impeller was cut from a solid aluminum forging and hence pro-
vided little Internal dsmping. However, since the original crack plus
a smaller one of the same type discovered later were small, it was felt
that some further tests might be run if some form of damping could be
installed. Consequently, a 0.030 inch hole was drilled in each blade in
the tangentlal direction at a point midway between the hub and tip near
the leading edge. Through the holes were strung 18 loops of 0.006 inch
light filament wire. The two ends were cemented, one on each side of one
of the blades (fig. 10). This arrangement reduced the previously
recorded static natural frequencies to approximately one-seventh their
previous values. With this configuration the originally scheduled test
polnts were completed in sbout 6 hours running time before the wire o
falled, probebly because of the unequel tension on the loops. Little,
if any, further deterioration of the blades was observed and no apparent
aerodynamic effects of the wire could be detected.

CONCLUDING REMARKS

An analytical and experimental study of a hlgh solidity transonic
impeller was made. ' )

An spproximete procedure for design of high so0lidity impellers
assuming axially symmetric, nonviscous flow 1s developed and presented
along with the design and experimental results for & 12-inch-dismeter,
swept back leading edge, transonic, axlal discharge lmpeller.

S
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Test results at the design equivalent tip speed of 1200 feet per
second indicated a maximm pressure ratio of only 2.164 at a weight flow
of 26.47 pounds per second (33.71 lb/sec-sq ft)and an impeller adia-
batic efflciency of 0.81l. The measured performance was restricted par-
ticularly at and near design speed to performance figures consliderably
below theoretical by a flow restriction in the outlet annulus. The low
speed. performance &ppeared very good. Partial structural failure of the
impeller occurred before alleviation of the outlet annulus flow restric-
tion could be sccomplished.

The effects of blade sweep back, though not fully understood, do
not appear undesirable lnasmuch asgs this impeller operated wlthout audible
surge 1n spite of very large incidence angles.

Test results and anslysls strongly indicate that for fubture designs
& rise in mean static pressure through the impeller in order to reduce
absolute discharge velocity and an spproach to equal energy input along
the rotor blade span are desireble.

Lewls Flight Propulsion Laboratory
National Advisory Commlittee for Aeronautics
Cleveland, Ohio
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APPENDIX - SYMBOLS

The following symbols are used in this report:

velocity of sound, ft/sec

specific heat at constant pressure, ft-1b/(slug)(°F)

impeller dlameter, ft

derivative with respect to time
force per unit mass

height of annular stream tube, ft

absolute Mach number, ratio of absolute air veloclty to local
veleccity of sound SRR R 3y

relative Mach number, ratio of air velocity relative to rotor to
local velocity of sound .

streamline number

nunber of blades

total pressure, 1b/sq ft

stream pressure, 1b/sg ft

radius of curvature In radial-sxial plane, £t
compressor radius, ft

streamline projection in radial-axisl plane, ft
stream temperature, °R

velocity of rotor (ar) at radius r, ft/sec
gbsolute velocilty, ft/sec

velocity relstive to rotor, ft/sec

weight flow, 1b/sec

welght flow between adjacent streamlilnes

.

A
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incidence angle, angle between inlet flow and blade mean line at
leading edge

angle between compressor eaxls and absolute flow direction, deg

B

g angle between compressor axis and alr velocity relstive to rotor,
deg

T ratlo of specific heats

ratio of esctual inlet total pressure to standard sea-level pres-
2

Nad adigbatic efficiency

e angle between blade element st blade leading edge and subsequent
element both projected on plane perpendicular to compressor
axis, radians (see sketch preceding eg. (1))

'l square root of ratlio of actusl inlet st tion temperature to
stendard sea-level temperature, ATo/518.4

p fluild density, slugs/cu ft

T blade thickness

-1

(3] upsweep angle, tan Vr/VZ

o' tan-1 V../V,q

¥ stream function along which w = constant

® angular velocity, radians/sec

Subscripts:

ar driving face of blade

H hub

m midpoint of a particular ineremental annulus

n points along a streamline

r radial component

rz redial-axial plane
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total

tip

trailing face of blade

axisl component

axlal-tangential plane

tangential component

position at beginning of entrance section
impeller inlet

impeller exit

REFERENCES

Bogdonoff, Seymour M.: N.A.C.A. Cascade Data for the Blade Design of

High-Performance Axial-Flow Compressors. dJour. Aero. Sci., vol. 15,

no. 2, Feb. 1948, pp. 89-95.

Kentrowitz, Arthur, and Donaldson, Colemsn duP.: Preliminary Investi-
gation of Supersonic Diffusers. NACA WR L-713, 1945. (Supersedes
NACA ACR L5DZ20.)

Kantrowitz, Arthur: The Supersonic Axisl-Flow Compressor. NACA
Rept. 974, 1950. (Supersedes NACA ACR 18D02.)

Erwin, John R., Wright, Linwood C., and Kentrowitz, Arthur: Investi-
gation of an Experimental Supersonic Axial-Flow Compressor.
NACA RM 16J01b, 1946.

Johnsen, Irving A., Wright, Linwood C., and Hartmen, Melvin J.: Per-
Tormance of 24~Inch Supersonlc Axisl-Flow Compressor 1n Air. II -
Performance of Compressor Rotor at Equlvalent Tip Speeds from 800
to 1765 Feet Per Second. NACA RM EB8G0O1, 1949,

Lieblein, Seymour, Lewls George W., Jr., and Sandercock, Donald M.:
Experimental Investigation of an Axisl-Flow Compressor Inlet Stage
Operating et Transonic Relative Inlet Mach Numbers. I - Over-All
Performance of Stage with Transonic Rotor and Subsonic Stators Up
to Rotor Relative Inlet Mach Number of 1.1. NACA RM ESZAZz4, 1852,

Tucker, Maurice: Approximate Turbulent Boundary-Layer Development in
Plane Compressible Flow Along Thermally Insulated Surfaces with
Application to Supersonic-Tunnel Contour Correctlon. NACA TN 2045,

1850.

1/ LT



plee

NACA RM ES3B09 O 27

8. Wu, Chung-Hus, and Brown, Curtis A.: Method of Analysis for Compres-
sible Flow Past Arbitrery Turbomachine Blades on General Surface of
Revolution. NACA TN 2407, 1951.

9. Stanitz, John D.: Approximate Design Method for High-Solidity Blade
Elements in Compressors and Turbines. NACA TN 2408, 1951.

10. Hamrick, Joseph T., Glnsburg, Ambrose, and Osborn, Walter M.:
Method of Analysis for Compressible Flow Through Mixed-Flow
Centrifugal Impellers of Arbitrary Design. NACA Rep. 1082, 1952.
(Supersedes NACA TN 2165.)

11. Stodola, A.: Steaem and Gas Turbines. Vol II. McGraw-Hill Book
Co., Inc., 1927. (Reprinted, Peter Smith (New York), 1945.)

12. Stanitz, John D.: Two-Dimensionsl Compressible Flow in Turbo-
machines with Conic Flow Surfaces. NACA Rep. 935, 1949.
(Supersedes NACA TN 1744.)

13. Klepproth, John F., Ullman, Guy N., and Tysl, Edwerd R.: Perfor-
mance of an Impulse-Type Supersonic Compressor with Stators.
NACA RM E5S2ZB22, 1952.



28

TABLE I. - PERFORMANCE DATA

RACA RM E53B02

Equivalent| Pressure L_é‘dia.batic Equivalenti{ Tip Hub> | Absolute|Absoclute
tip ratio, iciency, welght |angle | angle inlet inlet
speed, Py /Po Mg flow, of of Mach Mach
Uy, W :lg inci~ ! inci- | number | number
_A,[= ) dence,| dence,[ at tip,| at hub,
6 o, og M, My.m
1198 2.18 0.81 26.47 |199321] s5939'| O0.54 0.49
1202 2.14 .79 26.04 |19°30'| 6°945¢ .54 47
1189 2.10 .77 25.18 |21%541] 7C14° .48 .46
1198 - 2.07 .76 24.27 |23°10'| 856! .45 .44
1196 2.08 .76 23.42 | 24012t] 9C49¢ .43 .42
1101 2.00 0.86 25.80 ;18°16°*| 4931'{ 0.53 0.47
1099 1.87 .76 22.83 | 23°151| 8957t .41 .40
1100 1.79 .71 18.97 |28%sr|15%¢2: .31 .32
1099 1.70 .64 14.73 | 36°007| 1344 *.17 .35
958 1.79 0.93 24.85 |15955% 2°92f| 0.50% 0.44
1000 1.79 .84 24,36 |17953t| 3C52¢ 483 .43
998 1.68 .76 22.94 |20°57:| 6%0! .42 .39
999 1.69 .75 21.39 | 23941 90! .37 .36
998 1.63 .70 19.57 |26°181)11%15! .32 .33
799 1.51 0.91 23.59 |[12°07'|-0953t| 0.49 0.41
799 1.48 .87 21.98 |1599t 1991 .42 .37
800 1.49 .88 20.935 {18%n1| 2%.9° .4l .37
799 1.45 .83 20.02 |189331| 513! .36 .33
agz 1.47 .85 18.91 |18%a4r] 59341 .37 .33
799 1.43 .79 18.25 | 239531 79551 .29 .30
799 1.41 7 16.37 | 259321] 10935! .27 271
700 1.39 6.95 22.09 |10°50t| -10331| 0.44 0.37
701L 1.37 .90 20.20 |14%45:] 1903t .38 33
700 1.35 .87 18.49 | 17%44t| 3023 .34 .31
699 1.33 .81 16.65 | 21938t 7011t .28 .27
699 1.31 77 14.52 |259581[11932! .23 .27
699 1.28 ,+ 70 12.40 |28°47r| 14°38' .19 .22
500 1.19 0.95 20.36 30287 79377 0.41 0.34
502 1.18 .96 19.72 495811 -6°43¢ .39 .32
500 .21 1.03 19.37 30451] - 79451 4L .34
500 1.18 .92 17.46 99141 -2926¢ .33 .27
499 1.18 .88 17.19 79501| -4%22¢ .35 .29
500 1.19 .94 15.53 111°48!'(-1%211 .30 .28
500 1.20 1.00 15.43 |13°34'| 0°35! .28 .24
500 1.18 .92 14.25 |149511] 1°40! .27 .23
500 1.18 .88 13.21 |19°18t| 4%46! .22 .21
500 1.14 .72 10.31 | 259131 99531 .17 A7

* Measured static pressure at this point exceeds upstream totael pressure.
An orifilce l/z inch upstream of the impeller inlet geve M, = 0.17.

S NACA
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Figure 1. - Blade thickness distribution along tip mean line.
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Blade relative velocity, V', ft/sec
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Figure 4. - 12-inch tremsonic high solidity Impeller.
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Total-pressure ratio, Pp/Pq

1.6

1.0

Equivalent weight flow, Wa/6/8, 1b/sec

Figure 6. - Over-all performesnce of transonic mixed-flow

impeller.
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Blade angle of incidence, «, deg
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minimm back pressure condition.
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Figure 9. - Measured flow conditlions at impeller

exlt for design speed and meximum welght flow.
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Flgure 10. - Transonic impeller after installatlon of damping wires.
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